A new virus tentatively named watermelon green mottle mosaic virus (WGMMV) was isolated from watermelon leaves showing mottle, mosaic and leaf crinkling symptoms in Taiwan 
genus, Cucurbit aphid-borne yellows virus (CABYV), Melon aphid-borne yellows virus (MABYV) and Suakwa aphid-borne yellows virus (SABYV) of Polerovirus genus. Two DNA viruses, Squash leaf curl Philippines virus (SLCPHV) and Tomato leaf curl New Delhi virus (ToLCNDV) of Geminivirus genus, also could affect cucurbit crops.
Cucurbitaceae seeds produced in Taiwan are often exported to other countries, contributing greatly to the national economies.
CGMMV was first identified in bottle gourds in Taiwan in 1982. CGMMV is a seed transmitted virus belonging to the genus Tobamovirus and affects many economically important cucurbitaceae. This virus infects cucumber and watermelon causing systemic green mottle mosaic on leaves and resulting in fruit distortion (Buttner, Marquardt, & Schickedanz, 1995) . Cucurbit-infecting tobamoviruses are members in the family Virgaviridae. The virion of tobamovirus consists of a rod-shaped particle with a length of 300 nm and a width of 18 nm and a positive single stranded RNA of 6,400-6,500 nucleotides that encode four proteins (Adams et al., 2012; Tan, Nishiguchi, Murata, & Motoyoshi, 2000; Ugaki et al., 1991) . Two proteins, [124] [125] [126] [127] [128] [129] [130] [131] [132] and 181-189 kDa, implicated in viral replication are translated from the viral genomic RNA. Two smaller proteins are translated from subgenomic RNA. The movement protein (MP) of 28-31 kDa is required for cell-to-cell movement and the 17-18 kDa protein is a structural protein required for the assembly of viral RNA into virions and essential for long-distance movement (Adams et al., 2012) .
At present, 37 species of tobamovirus have been recognised by the International Committee on Taxonomy of Viruses (ICTV) (Adams et al., 2012) . The criteria used for species demarcation in the genus tobamovirus include the similarity of full nucleotide sequences (less than 90% identity), host range and antigenic relationships between the coat proteins (CPs) (Adams et al., 2012) . Tobamoviruses were classified into eight subgroups, based on their sequences, genome organisation, antigenic relationship of CPs, and host range, that include Solanaceae, Brassicaceae, Cucurbitaceae, Malvaceae, Cactaceae, Passifloraceae, Apocynaceae and Leguminosae subgroups (Adkins, Kamenova, Achor, & Lewandowski, 2003; Adkins, Kamenova, Rosskopf, & Lewandowski, 2007; Ilmberger, Willingmann, Adam, & Heinze, 2007; Li et al., 2017; Min et al., 2006; Song et al., 2006) . Cucurbit-infecting tobamoviruses include the following five species: CGMMV (Ainsworth, 1935) , Kyuri green mottle mosaic virus (KGMMV) (Tan et al., 2000) , Cucumber fruit mottle mosaic virus (CFMMV) (Antignus et al., 2001) , Zucchini green mottle mosaic virus (ZGMMV) (Yoon, Min, Choi, & Ryu, 2002) and Cucumber mottle virus (CuMoV) (Orita et al., 2007) . They can be divided further into three sub-subgroups based on the sequence comparison, phylogenetic analysis and biological properties. Subsubgroup I contains a single species CGMMV; sub-subgroup II contains KGMMV, ZGMMV and CFMMV; and sub-subgroup III also contains a single species CuMoV (Antignus et al., 2001; Orita et al., 2007) .
In 2007, watermelon leaves showing virus-induced mottle, mosaic and leaf crinkling symptoms were observed in Taiwan. In this study, we present biological, pathological and molecular data of the virus and have found that the causal agent is a novel cucurbit-infecting tobamovirus. Our results reveal that this virus is a new tobamovirus and thus, is named watermelon green mottle mosaic virus (WGMMV). were isolated and ground in phosphate buffer (0.1 M potassium phosphate buffer, pH 7.0), and the resultant saps were inoculated to C. amaranticolor. After three rounds of single lesion isolation, the WT2 virus was maintained in Nicotiana benthamiana by mechanical transmission. The WT2 virus was later named WGMMV.
| MATERIALS AND METHODS

| Isolation and maintenance of virus
| Indirect-enzyme-linked immunosorbent assay
Indirect-enzyme-linked immunosorbent assay (indirect-ELISA) was performed using the previously described procedure (Chang et al., 2010; Chen, Chen, Lin, Yeh, & Hsu, 2005) . Crude saps prepared from diseased watermelon leaves were examined by ELISA with a previously prepared polyclonal antiserum against CMV, CGMMV, PRSV, Squash mosaic virus (SqMV), Watermelon mosaic virus (WMV), WSMoV or ZYMV (Chen et al., 2005) . The test plants after being inoculated with WT2 were also analysed by the indirect ELISA using antiserum against WT2. Polyclonal antiserum against WT2 (WGMMV), CMV, CGMMV, PRSV, SqMV, WMV, WSMoV or ZYMV was prepared in New Zealand white rabbits after injection with viral CPs as described previously (Jan & Yeh, 1995) . Indirect-ELISA was used to detect WGMMV in cucurbitaceae plants showing virus-like symptoms using a WGMMV polyclonal antiserum. In total, 16 watermelon, 17 melon, 52 pumpkin, 12 wax gourd plants and 1 bottle gourd plant were examined for WGMMV.
| Electron microscopy
The crude saps prepared from symptomatic watermelon leaves were placed separately on formvar-coated carbon grids. The samples were stained with 2% uranyl acetate (pH 4.2) and examined with a JEOL JEM-1400 transmission electron microscope (TEM) (JEOL Ltd, Tokyo, Japan) as described previously (Chen et al., 2005) .
2.4 | Virus purification and production of a polyclonal antibody against WT2.
N. benthamiana leaves were harvested 10 days post inoculation (dpi) and WT2 viral particles were purified according to the protocol described by Gooding and Hebert (1967) . After heating at 100 C for 5 min, viral CPs were examined by electrophoresis in 10% polyacrylamide gel containing sodium dodecyl sulfate (SDS-PAGE) and used for the production of a polyclonal antibody using protocols as described 
| Western blotting
Western blotting was carried out as described previously (Chen et al., 2005; Jan & Yeh, 1995; Zheng et al., 2008) with modifications. Briefly, 0.1 g leaves of healthy and virus-infected watermelon, melon or N. benthamiana were ground in 3 vol (vol/wt) of dissociation buffer (50 mM Tris-HCl, pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue and 10% glycerol) (Chen et al., 2005; Zheng et al., 2008) and 15 μL of each sample was separated in 10% SDS-PAGE.
After electrophoresis, proteins were transferred to a PVDF membrane (PerkinElmer, Waltham, MA). The membrane was incubated with the polyclonal antiserum against the WT2 CP at a 5,000-fold dilution in a buffer containing 10 mM Tris-base, 0.9% sodium chloride, 0.25% gelatin, 0.1% Triton X-100, 0.02% SDS, pH 7.4 (TSW), followed by incubation with a peroxidase-conjugated goat anti-rabbit secondary antibody (1:10,000; Jackson Immunoresearch, Baltimore, MD). The chemiluminescent signal was developed using Western lightning ECL Pro (PerkinElmer). Images were acquired using a ChemiDoc MP imaging system (Bio-Rad, Hercules, CA, USA).
| Purification of viral double-stranded RNA
Viral double-stranded RNA (dsRNA) was extracted from 20 g of the WT2 or CGMMV-infected N. benthamiana according to the reported procedure (Valverde, Dodds, & Heick, 1986; Zheng, Chen, & Jan, 2011) . Viral dsRNA was resuspended in 200 μL diethylpyrocarbonate (DEPC)-treated water and separated by electrophoresis in a 0.8% agarose gel and 15 μL dsRNA treated with 10 Units DNase I (Takara, Shiga, Japan) at 37 C for 30 min.
| Molecular cloning and sequence analyses
Total RNA was prepared from healthy and WT2-infected leaves of N. benthamiana and watermelon using the method described by Napoli, Lemieux, and Jorgenson (1990) . The reverse transcription-polymerase chain reaction (RT-PCR) was carried out according to the method described by Jan, Fagoaga, Pang, and Gonsalves (2000) . All oligonucleotide primers used in this study are listed in Supporting Information Table S1 . shaped particles were measured around 18 nm × 300 nm in size (Figure 2) , resembling a tobamovirus.
Western blotting analysis of crude saps prepared from watermelons, melons and N. benthamiana after being infected by WT2 identified a band of M. W. around 17-18 kDa using an antiserum against WT2 (Figure 3) . However, similar analysis of crude saps prepared from CGMMV-infected melon resulted in no hybridising bands using the WT2 antiserum.
| Characterisation of WT2 genome
To determine the true identity and taxonomic relationships of WT2 with other cucurbit-infecting tobamoviruses, whole genome of WT2 was determined by sequencing. Genomic dsRNA of WT2 and CGMMV (as a control) was independently isolated from N. benthamiana (Figure 4a (Table 1) .
WT2 full-length sequence was assembled from seven overlapping cDNA fragment sequences (Figure 4c ), which were amplified with various primers and sequenced independently. The full-length WT2
genome was found to be 6,482 nucleotides (nts) (GenBank accession Table 1 . The phylogenetic tree was generated by Clustal W and neighbour-joining method with 1,000 bootstraps replicates using the MEGA7 software positive reactions. However, no visible symptoms were observed in C. quinoa, Amaranthus gangeticus (Amaranthaceae), Vigna unguiculata, V. radiata (Leguminosae), Capsicum annuum (sweet paper), C. annuum (chilli pepper), Solanum lycopersicum, S. melongena, N. glutinosa, N. rustica and Physalis angulata after being inoculated with WGMMV.
ELISA analysis of these plants also resulted in negative reactions, confirming that they were not WGMMV host plants.
| DISCUSSION
In the present study, we characterise a novel tobamovirus named WGMMV isolated from diseased watermelon using molecular, serological and pathological analyses. WGMMV has a rod-like appearance.
Mechanical inoculation assays have demonstrated that WGMMV is the causative agent of diseased watermelon showing leaf mottle, mosaic and crinkling symptoms. Sequencing and analysis of the complete sequence indicate that WGMMV is closely related to CuMoV (Orita et al., 2007) . Species demarcation criteria used to define a new species in the tobamovirus set 90% cutoff. When a viral strain shows less than 90% nucleotide identity with other tobamoviruses, the strain should be considered as a new species (Adams et al., 2012) . There is no overlap between the MP and CP-coding genes in KGMMV, ZGMMV or CFMMV. The virion OAS, GAXGUUG, is often found in the CP-coding region of cucurbit-infecting tobamovirus (Kim et al., 2003; Song et al., 2006) . A conserved GAGGUUG sequence is found in the CP-coding region of CGMMV, CuMoV and WGMMV, whereas a conserved GAAGUUG sequence is found in the CP-coding region of KGMMV, CFMMV and ZGMMV. Cucurbit-infecting tobamovirus subgroup can be classified further to three sub-subgroups.
Our results show that, as with CuMoV, WGMMV belongs to the subsubgroup III (Antignus et al., 2001; Orita et al., 2007) .
Inoculation assays indicate that WGMMV causes severe symptoms on melon, bottle gourd and many different cucurbitaceae plants.
The cucurbitaceae plants infected with WGMMV exhibit severe mottle, mosaic, distortion and crinkling on leaves and become stunted. To date, CGMMV is the only tobamovirus that has been reported to infect cucurbitaceae crops in Taiwan. Of 13 viruses that have been reported to infect cucurbit plants in Taiwan, 12 are transmitted by insect vectors, including aphid, whitefly and thrips. CGMMV is primarily transmitted by seeds and mechanical inoculation. Many tobamoviruses have been reported to be seed-transmitted because they could adhere to the seed testas as a contaminant (Sastry, 2013) .
Although it has not yet experimentally proven, it is tempting to speculate that seed transmission could also be important in WGMMV transmission and its epidemiology. Thus, developing an effective method for detection of WGMMV in cucurbitaceae seeds is one of the most urgent needs.
Amino acids of WGMMV CP share low sequence identity (50.6%) with those of CGMMV, indicating that CGMMV and WGMMV are distantly related. This assumption is supported by the fact that WGMMV antiserum does not react with CPs of CGMMV as evidenced by western blotting analysis. Although CuMoV CP shares only 53.7% amino acid identity with that of CGMMV, it has been shown that CGMMV antiserum can cross-react with CuMoV (Orita et al., 2007) . Because CuMoV CP shares 87.7% amino acid identity with that of WGMMV, it is likely that antiserum against WGMMV may crossreact with the CuMoV, which could result in false positives using WGMMV antiserum in ELISA assays. In order to accurately detect WGMMV in cucurbitaceae seeds, two primers FJJ 2013-134 and FJJ 2013-135 specifically complementary to the CP gene-coding sequence of WGMMV were designed and synthesised. These primers will be used to detect WGMMV in field-grown watermelon. A field survey of cucurbitaceae plants with ELISA reveals that samples prepared from symptomatic watermelon, melon, pumpkin, bottle gourd and wax gourd reacts positively with the WGMMV antiserum at varying rates, indicating that WGMMV has become a common viral disease in the field in Taiwan.
In terms of geographic distribution, CGMMV, KGMMV and
CuMoV have been reported in Japan (Orita et al., 2007) and only CGMMV has been described in Taiwan. We found that WGMMV and CuMoV are very similar in the context of genome organisation, gene size and nucleotide sequence similarity. It is tempting to speculate that if the CuMoV is found in Taiwan, CuMoV could quickly adapt to the environment and cause damage to cucurbitaceae crops. Phytosanitary measures must be implemented to prevent CuMoV from entering the region. Further investigations to gain a better understanding of virus distribution, seed transmission, epidemiology and management strategies of WGMMV are warranted.
